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1. INTRODUCTION {#jpi12631-sec-0001}
===============

In the elderly with atherosclerosis, hypertension, diabetes, macroangiopathy, and chronic kidney disease, vascular calcification and ageing are ubiquitous.[1](#jpi12631-bib-0001){ref-type="ref"} The degree of vascular calcification is closely related to cardiovascular mortality and amputation and is an important factor in determining the health of the elderly. Osteogenic differentiation of vascular smooth muscle cells (VSMCs) is the key cytological foundation of vascular calcification.[2](#jpi12631-bib-0002){ref-type="ref"} Vascular ageing is a degenerative change in the structure and function of the cardiovascular system. Moreover, vascular calcification, an important phenotype of vascular ageing,[3](#jpi12631-bib-0003){ref-type="ref"} is a complex and adjustable biological process that is regulated by various microRNA (miRNA) networks.[4](#jpi12631-bib-0004){ref-type="ref"} However, the role and mechanisms of vascular calcification and ageing remain unknown.

Vascular smooth muscle cells are the main cells of the vascular wall, which play an indispensable role in maintaining the stability of structure and function of blood vessels.[5](#jpi12631-bib-0005){ref-type="ref"} Vascular calcification and other dysfunctions of the middle vascular membrane are closely related to VSMC phenotypic conversion, transdifferentiation and apoptosis.[6](#jpi12631-bib-0006){ref-type="ref"}, [7](#jpi12631-bib-0007){ref-type="ref"} Some studies have demonstrated that exosomes play an important role in angiogenesis, vascular calcification and senescence of VSMCs.[8](#jpi12631-bib-0008){ref-type="ref"}, [9](#jpi12631-bib-0009){ref-type="ref"}, [10](#jpi12631-bib-0010){ref-type="ref"}, [11](#jpi12631-bib-0011){ref-type="ref"} By transferring information among cells, exosomes in cellular senescence processes can regulate cell‐cell communication.[12](#jpi12631-bib-0012){ref-type="ref"} However, whether exosomes are involved in the pathogenesis of vascular calcification and ageing remains unclear.

Melatonin (MT), secreted by the pineal gland, is a type of indole neuroendocrine hormone and necessary for holding physiological function.[13](#jpi12631-bib-0013){ref-type="ref"} Many studies have shown that MT affects the cardiovascular system.[14](#jpi12631-bib-0014){ref-type="ref"}, [15](#jpi12631-bib-0015){ref-type="ref"}, [16](#jpi12631-bib-0016){ref-type="ref"} It may play a role in protecting the heart by direct scavenging of free radicals and indirect antioxidant activity and by their obvious anti‐inflammatory properties.[17](#jpi12631-bib-0017){ref-type="ref"} Moreover, MT has been shown to antagonise premature senescence of cardiac progenitor cells (CPCs) via the H19/miR‐675/USP10 pathway.[18](#jpi12631-bib-0018){ref-type="ref"} However, the effect of MT on the osteogenic differentiation and senescence of VSMCs has not yet been elucidated.

Exosomes are small membrane particle containing RNAs, miRNAs and proteins. Its size ranges from 30 to 100 nm.[19](#jpi12631-bib-0019){ref-type="ref"} Exosomes can carry miRNAs and thus affect recipient cell function, which suggests that the exosomal miRNAs play an important role in intercellular communication.[20](#jpi12631-bib-0020){ref-type="ref"}, [21](#jpi12631-bib-0021){ref-type="ref"}, [22](#jpi12631-bib-0022){ref-type="ref"}, [23](#jpi12631-bib-0023){ref-type="ref"} It has been reported that endothelial cells, which secrete exosomes containing miR‐214, mediated the migration and angiogenesis of recipient endothelial cells, suggesting that cells secrete exosomes containing miRNAs to affect adjacent cells through a paracrine mechanism.[24](#jpi12631-bib-0024){ref-type="ref"} The mechanism involved in exosomal miRNA regulation of vascular calcification and senescence remains unclear. Therefore, this study aimed to characterise the effects of MT on calcification and ageing of arteries, and to investigate the regulatory role of exosomal miRNAs in this process.

2. MATERIALS AND METHODS {#jpi12631-sec-0002}
========================

2.1. Ethics statement {#jpi12631-sec-0003}
---------------------

All experiments were reviewed and approved by the Ethics Committee of the Second Xiang‐Ya Hospital, Central South University. All the procedures conform to the Guide for the Care and Use of Laboratory Animals, NIH publication, 8th edition, 2011. All the animals were formally approved by the Ethics Committee of the Second Xiang‐Ya Hospital, Central South University. The human samples conformed to the principles outlined in the Declaration of Helsinki. Human VSMCs were purchased from the National Platform of Experimental Cell Resources for SciTech (Beijing, China).

2.2. Reagents {#jpi12631-sec-0004}
-------------

Dimethyl sulphoxide (DMSO) (D2650), β‐glycerophosphate (β‐GP) (50020), PKH26 Red Fluorescent Cell Linker Kit (PKH26PCL), luzindole (L2407) and MT (M5250) were purchased from Sigma‐Aldrich. DMEM/F12 (12634010) and foetal bovine serum (10099133C) were purchased from Gibco BRL Co. Lipofectamine 2000 (11668019) was purchased from Invitrogen Co. The antibody for β‐actin (AM1021b, 1:1000) was purchased from Abgent Inc. Antibodies for MTNR1A (ab203038, 1:1000), MTNR1B (ab203346, 1:500), BMP2 (ab214821, 1:1000), p21 (ab218311, 1:1500), CD63 (ab134045, 1:5000), CD81 (ab59477, 1:1000), ALIX (ab186429, 1:5000), syntenin‐1(Synt1) (ab133267, 1:2000) and RUNX2 (ab23981, 1:1000) were purchased from Abcam. Maxima SYBR Green/ROX qPCR Master Mix (C0210B) and all of the primers used in this research were purchased from GeneCopoeia. The related secondary antibodies and the ECL detection kit (sc‐2048) were purchased from Santa Cruz Biotechnology, Inc. BMP2 small interfering RNA (siRNA) oligos (siB0858163956‐1‐5) and control siRNA oligos were purchased from RiboBio. miR‐204‐5p/miR‐211‐5p mimics (miR10000265‐1‐5/miR10000268‐1‐5), inhibitors (miR20000265‐1‐5/miR20000268‐1‐5) and their control oligos were purchased from RiboBio. DAPI (C0065) was purchased from Solarbio. The alkaline phosphatase (ALP) kit (A059‐1‐1) was obtained from Jiancheng Nanjing Biological Engineering. The SA‐β‐gal kit (C0602) was purchased from Beyotime. The CCK8 assay kit (C008‐3) was purchased from 7 Sea Biotech.

2.3. Cell culture treatment and transfection {#jpi12631-sec-0005}
--------------------------------------------

Vascular smooth muscle cells were maintained in DMEM:F12 medium supplemented with 10% foetal bovine serum and 1% penicillin/streptomycin (15070063, Gibco) at 37°C in 5% CO~2~ infusion and humidified air. The medium was refreshed every 2 days. To induce calcification, the VSMCs were incubated with medium containing 10 mM β‐GP. CVSMCs were obtained as described in our previous report.[25](#jpi12631-bib-0025){ref-type="ref"} CVSMCs were seeded in DMEM containing 4.5 g/L of glucose (21013024, Gibco), 10% FBS and 10 mM sodium pyruvate, and the medium was refreshed every 2 days. 10 μM luzindole (Sigma‐Aldrich) was added into the cultured VSMCs 2 hours before MT administration. At 12 hours after the onset of senescence, cells were treated with 10 μM MT (Sigma‐Aldrich) and vehicle for 48 hours. Total protein was extracted after 48 hours of treatment, and BMP2 and RUNX2 protein expression in VSMCs was analysed. miR‐204‐5p mimics were labelled with Label IT siRNA Tracker Cy5 Kit (MIR7213, MirusBio) according to the manufacturer\'s instructions. For transient transfection of BMP2 siRNA oligos, a combination of oligos (50 nM) and Lipofectamine 2000 was mixed according to the manufacturer\'s instructions and added to cells in 6‐well plates at a density of 2 × 10^5^ cells per well.

2.4. Exosome isolation and purification {#jpi12631-sec-0006}
---------------------------------------

Using differential centrifugation, exosomes were isolated and purified from the supernatants of VSMC cultures. The VSMC were cultured in DMEM/F12‐containing exosome‐depleted serum. CVSMCs were cultured in DMEM‐containing exosome‐depleted serum. After treatment with MT for 48 hours, the medium was collected and centrifuged at 2000 *g* for 15 minutes at 4°C and centrifuged again at 12 000 *g* for 45 minutes at 4°C. Then, the supernatants were passed through a 0.22‐mm filter (Millipore) and ultracentrifuged at 110 000 *g* for 90 minutes at 4°C. The pellets were washed with PBS followed by a second ultracentrifugation at 110 000 *g* for 90 minutes at 4°C and resuspended in PBS. The BCA Protein Assay Kit (23225, Pierce) was used to measure the protein levels of the exosomes according to the manufacturer\'s instruction.

2.5. Identification of exosomes {#jpi12631-sec-0007}
-------------------------------

The pelleted exosomes were resuspended in approximately 100 mL of PBS and subjected to transmission electron microscopy (Hitachi H‐7650, Hitachi) for morphology analysis and Nanosight 2000 analysis (Particle Metrix) for diameter analysis. Exosomal marker proteins, including CD63, CD81, ALIX and Synt1, were analysed using Western blot. The PKH26 Red Fluorescent Cell Linker Kit was used to observe exosomes uptake according to the manufacturer\'s instructions.

2.6. Western blot analysis {#jpi12631-sec-0008}
--------------------------

Western blot analysis was carried out for the detection of MTNR1A, MTNR1B BMP2, RUNX2, p21, CD63, CD81, ALIX, Synt1 and β‐actin protein levels as previously described. Sodium dodecyl sulphate‐polyacrylamide gel electrophoresis was used to analyse 30 μg of protein from each cell layer extract and then transferred to a polyvinylidene fluoride membrane. The membrane, after blocking with 5% nonfat milk, was incubated with MTNR1A, MTNR1B, BMP2, p21, RUNX2, CD63, CD83, ALIX, Synt1 and β‐actin antibodies overnight at 4°C. The following morning, the membrane was washed with PBS three times every 10 minutes. The membrane was then incubated with appropriate secondary antibody (1:2000 dilution) in 2% nonfat milk for 1 hour. Blots were processed using an enhanced chemiluminescence (ECL) kit, exposed to film and analysed by densitometry.

2.7. Measurement of osteogenesis differentiation of VSMCs {#jpi12631-sec-0009}
---------------------------------------------------------

After being subjected to different treatments, the VSMCs were washed with PBS and scraped into solution. Spectrophotometric measurement of p‐nitrophenol released at 37°C was utilised to analyse ALP activity. ALP activity was normalised by total protein content of the cell lysate.

Calcification was visualised following fixation with 4% formaldehyde for 15 minutes and staining with Alizarin Red S (2%, pH 4.2), as previously described.[26](#jpi12631-bib-0026){ref-type="ref"} To determine the calcium content, Alizarin Red S stain released from the cell matrix was quantified by incubation in cetylpyridinium chloride and measured using spectrophotometry at 540 nm. The calcium quantities were normalised to total cellular protein. The results were compared with the control and presented as the fold change using data from three independent experiments.

2.8. Gene expression estimated using qRT‐PCR {#jpi12631-sec-0010}
--------------------------------------------

Total RNA was extracted from exosomes and VSMCs, and cDNA was prepared. For analysis of miR‐204‐5p/miR‐211‐5p expression, reverse transcription and quantitative reverse transcription‐polymerase chain reaction (qRT‐PCR) was carried out using the primer for miR‐204‐5p/miR‐211‐5p (GeneCopoeia, HmiRQP0306/ HmiRQP0318) according to the manufacturer\'s instructions. Relative quantification was calculated using the 2^−∆∆CT^ method. U6 levels (for cellular miR‐204‐5p/miR‐211‐5p) or miR‐16 (for exosomal miR‐204‐5p/miR‐211‐5p) was used to normalise data.[27](#jpi12631-bib-0027){ref-type="ref"}

2.9. SA‐β‐gal assay {#jpi12631-sec-0011}
-------------------

According to the manufacturer\'s instructions, senescence‐associated‐β‐galactosidase (SA‐β‐gal) staining was performed using a SA‐β‐gal staining kit (C0602, Beyotime). Digital images in 10 randomly chosen fields were viewed and analysed with an image analysis program (BioQuant), and each sample was counted to calculate the percentage of senescent cells to quantify the percentage of SA‐β‐gal--positive cells.

2.10. Cell growth assay {#jpi12631-sec-0012}
-----------------------

The growth and viability of VSMCs were determined by the cell counting kit 8 (CCK8) assay. At a density of 1500 cells per well in growth medium, VSMCs were seeded into 96‐well tissue culture plates. The cells were washed twice with PBS after treatment. Using the CCK8 assay with absorbance measured at 450 nm, the cell number was determined. The assay was repeated three times.

2.11. Transwell assay {#jpi12631-sec-0013}
---------------------

We placed Transwell assay inserts (Corning, NY, USA) into a 6‐well plate. In the experiment, VSMCs (4 × 10^5^ cells/well) were first treated with GW4869 (S7609) or vehicle in the bottom chamber incubated with 10 μM MT and DMEM/F12‐containing exosome‐depleted serum culture medium was added to the bottom chamber for 48 hours. Then, VSMCs attached to the upper surface of the filter membranes without treatment were used to analyse osteogenic differentiation and senescence of VSMCs.

2.12. Plasmid constructs and luciferase reporter assay {#jpi12631-sec-0014}
------------------------------------------------------

To analyse the function of miR‐204‐5p/miR‐211‐5p, segments of the BMP2 3′‐UTR, including the predicted miR‐204‐5p/miR‐211‐5p binding sites, were cloned into the PmeI and XbaI restriction sites of the luciferase reporter vector pmirGLO (E1330, Promega) producing wild‐type BMP2 3′UTR (WT‐BMP2‐3′UTR). The BMP2 mutants for the miR‐204‐5p/miR‐211‐5p seed regions were produced using the QuikChange Site‐Directed Mutagenesis Kit (210518, Stratagene) to obtain mutant BMP2 3′UTR (MUT‐BMP2‐3′UTR).

Vascular smooth muscle cells were cotransfected with a luciferase reporter carrying WT‐BMP2‐3′UTR or MUT‐BMP2‐3′UTR and miR‐204‐5p/miR‐211‐5p mimics or control. Sequences of the PCR and mutagenic primers are shown in Table [1](#jpi12631-tbl-0001){ref-type="table"}. At 48 hours after transfection, luciferase activities were detected with the luciferase assay system (Promega). Firefly luciferase activity was normalised to the corresponding Renilla luciferase activity. Luciferase assays were performed in quadruplicate and repeated in three independent experiments.

###### 

Nucleotide sequences of primers for construct and mutation of plasmids

  Name                                      Primers
  ----------------------------------------- -----------------------------------------
  WT BMP2                                   5′ GGGTTTAAACGGATAACCCGAGATAAAG 3′
  5′ GCTCTAGACAATCTGAGCAGCCTAAT 3′          
  Mut BMP2                                  5′ CGGTGCCAGAAAATTAGAGCGGCAAAGTGTCGG 3′
  5′ CCGACACTTTGCCGCTCTAATTTTCTGGCACCG 3′   

John Wiley & Sons, Ltd

2.13. Animals\' studies {#jpi12631-sec-0015}
-----------------------

Mice were fed with 12‐hour daylight/darkness transition in Animal House of the Second Xiang‐Ya Hospital. To generate vascular calcification and ageing in mice, the 5/6 NTP mouse model was established following the procedure previously described.[28](#jpi12631-bib-0028){ref-type="ref"} Briefly, 6‐week‐old C57BL/6 mice were treated with an intraperitoneal injection of pentobarbital sodium (50 mg/kg) to induce general anaesthesia before operation. The anaesthesia state of the mice was validated frequently by loss of the pedal withdrawal reflex. Firstly, the upper and lower poles of left side kidney were removed with the adrenal gland reserved. Two weeks later, the right side of kidney was fully removed. Sham control mice were subjected to the same surgery at the same time as the 5/6 NT group, with exposure of the kidney. But only removal of the renal capsule instead of the kidney tissue was performed in sham mice, and then, the abdomen skin was closed. Subsequently, a high‐phosphate diet (0.9% Pi) was used to accelerate calcification throughout the study. The successful setup of the mouse model was confirmed by increasing level of serum urea nitrogen and creatinine.

In some specific experiments, MT dissolved in 0.1% DMSO and diluted by saline solutions) was given via intraperitoneal (*i.p.*) injection at the concentration of 20 mg/kg every day before darkness for 4 weeks (1 week after the last operation).[29](#jpi12631-bib-0029){ref-type="ref"} Circulating exosomes were inhibited by GW4869 (*i.p.*, 2 mg/kg) every 2 days throughout the study as reported previously.[30](#jpi12631-bib-0030){ref-type="ref"} After the treatment, mouse thoracic aorta was isolated free of adventitia, and blood samples were collected.

2.14. Immunohistochemistry {#jpi12631-sec-0016}
--------------------------

The expression of p21(ab218311, 1:150) and RUNX2 (ab76956, 1:100) in the aorta tissue was examined by immunohistochemistry in a similar method as reported previously.[31](#jpi12631-bib-0031){ref-type="ref"} Briefly, the thoracic aorta was fixed in 4% paraformaldehyde overnight, then embedded in paraffin and cut into 5‐μm sections. Subsequently, sections were incubated at 65°C in the oven for 2 hours, followed by two dewaxings in xylenes at 10 minutes of intervals and then dehydrating in 99%, 95% and 75% ethanol for 5 minutes. Citrate was used for antigen retrieval at boiling temperature for 20 minutes, and hydrogen peroxide incubation was performed at room temperature in a dark box for 10 minutes to diminish endogenous peroxidases. Sections were then blocked by 5% foetal serum for an hour, followed by incubating with a specific primary antibody overnight with rocking at 4°C. The next day, sections were rewarmed at room temperature for 30 minutes and then incubated with a secondary antibody for 30 minutes at room temperature. A DAB kit was used to detect positive staining. Finally, sections were counterstained with haematoxylin. Photographs were used for analysis by Image‐Pro Plus software (version 6.0).

2.15. Von Kossa staining, Alizarin Red S staining and detection of ALP activity and calcium content of the thoracic aorta {#jpi12631-sec-0017}
-------------------------------------------------------------------------------------------------------------------------

Vascular calcification in mice was detected by Von Kossa staining and Alizarin Red S (0.5%, pH 9.0, Sigma) staining in a similar way that was described previously.[32](#jpi12631-bib-0032){ref-type="ref"} Briefly, sections were dewaxed in xylene and dehydrated in alcohol as described previously. For Alizarin Red S staining, sections were washed by PBS and incubated by Alizarin Red S (0.5%, pH 9.0, Sigma) 30‐60 seconds at 37°C. For Von Kossa staining, sections were incubated by silver nitrate (5%, Sigma) 1 hour under exposure of the ultraviolet light, following by incubation in sodium thiosulfate for 10 minutes. Photomicrographs were used for analysed by Image‐Pro Plus software (version 6.0) to detect positive staining area.

Measurement of the ALP activity was performed in a similar way as described in previous article.[33](#jpi12631-bib-0033){ref-type="ref"}, [34](#jpi12631-bib-0034){ref-type="ref"} The o‐cresolphthalein complexone method was performed to measure the calcium content as previously described.[35](#jpi12631-bib-0035){ref-type="ref"} Briefly, dried artery samples were incubated and decalcified with HCl at room temperature. The calcium content in HCL dissolved supernatants was then analysed using the o‐cresolphthalein method. Total protein was detected using the Bradford protein assay. The calcium content was normalised with protein content and presented as microgram calcium/milligram protein.

2.16. Vascular SA‐β‐gal staining and immunofluorescence {#jpi12631-sec-0018}
-------------------------------------------------------

To identify senescence and detect specific proteins in the thoracic aorta, mouse aorta tissues were isolated on ice dry, immediately stored in liquid nitrogen and mounted in OCT. Tissues were cut into 5‐μm frozen sections and then used for SA‐β‐gal staining and immunofluorescence.

SA‐β‐gal staining was performed similarly to the procedure as described by Hu et al[36](#jpi12631-bib-0036){ref-type="ref"} Briefly, aortic sections were fixed in PBS containing 2% formaldehyde and 0.2% glutaraldehyde for 5 minutes and then incubated with SA‐β‐gal staining solution for 18 hours at 37°C. Subsequently, aortic sections were counterstained with Nuclear Fast Red.

For double staining, frozen sections of aorta were incubated with the rat exosome marker TSG101 monoclonal antibody (ab125011, 1:100) and VSMC mouse marker αSMA monoclonal antibody (GB13044, 1:500) followed by detection with Cy3‐conjugated goat anti‐rabbit IgG (GB21303, 1:300) and Alexa Fluor^®^488‐conjugated goat anti‐mouse IgG (GB25301, 1:400). Sections were examined by fluorescence confocal microscope (Nikon).

2.17. In vivo tracking of exosomes and exosome injection {#jpi12631-sec-0019}
--------------------------------------------------------

To label exosomes, 1,1′‐dioctadecyl‐3,3,3′,3′‐tetramethylindotricarbocyanine iodide (DiR; 2024243, Thermo Fisher Scientific/Invitrogen), diluted in ethanol at a concentration of 1 mg/mL, was mixed with exosomes at the ratio of 2 μg DiR/100 μg exosomes in PBS for 1 hour followed by ultracentrifugation at a speed of 100 000 g for 1 hour to remove unincorporated DiR and ethanol. The precipitate was resuspended in PBS at a concentration of 1 μg exosome/1 μL PBS. PBS vehicle, DiR or DiR‐labelled exosome was injected via the tail vein, and an in vivo fluorescence image was taken 24 hours later using Ami X spectral imaging instrument and analysed by in vivo imaging software.

Given the physiological amount of circulating exosomes in mice, a previous study has shown that tail vein injections of 100 μg exosomes every 3 days were suitable for an in vivo study based on a mouse model.[37](#jpi12631-bib-0037){ref-type="ref"} In the present study, we treated 5/6 NTP‐induced C57BL/6J mice with 100 μg exosomes that derived from vehicle (VSMCs^Veh^‐exo) or MT‐treated VSMCs (VSMCs^MT^‐exo) respectively, via tail vein injections at an interval of 3 days for 4 weeks (nine injections total). Blood samples and aortic tissues were harvested, and frozen sections of aortic tissues were used for the detection of the exosome marker TSG101 to identify uptake of VSMCs‐exos by mouse VSMCs.

2.18. Statistical analysis {#jpi12631-sec-0020}
--------------------------

The results of the experiments are presented as means ± SD, and analysis was performed with Statistical Product and Service Solutions (SPSS) software (version 19.0). Comparisons between values of more than two groups were evaluated by an analysis of variance (one‐way ANOVA). A level of *P* \< .05 was considered statistically significant. All experiments were repeated at least three times. Figures show the representative experiments.

3. RESULTS {#jpi12631-sec-0021}
==========

3.1. Melatonin can antagonise VSMC osteogenic differentiation and senescence via a MT membrane receptor‐dependent manner {#jpi12631-sec-0022}
------------------------------------------------------------------------------------------------------------------------

To investigate the effect of MT on the role of osteogenic differentiation and senescence of VSMCs, VSMCs were treated with different concentrations of MT (10 nM, 100 nM, 1 μM, 10 μM and 100 μM). As shown in Figure [1](#jpi12631-fig-0001){ref-type="fig"}, we found that 10 μM MT had the greatest effect on attenuating the osteogenic differentiation and senescence of VSMCs (Figure [1](#jpi12631-fig-0001){ref-type="fig"}A‐C). Western blot analysis revealed that the expression of RUNX2 was inhibited by MT in a concentration‐dependent manner (Figure [1](#jpi12631-fig-0001){ref-type="fig"}A). Moreover, MT could also attenuate β‐GP--induced ALP activity and senescence in a concentration‐dependent manner (Figure [1](#jpi12631-fig-0001){ref-type="fig"}B,C). The osteogenic differentiation of VSMCs was suppressed after 10 μm MT treatment as shown by the protein expression of RUNX2, ALP activity, Alizarin Red staining and calcium content (Figure [1](#jpi12631-fig-0001){ref-type="fig"}D‐F). In addition, the senescence of VSMCs was attenuated by 10 μm MT as shown by decreased p21 expression, SA‐β‐gal staining (Figure [1](#jpi12631-fig-0001){ref-type="fig"}D,G) and increased proliferation of VSMCs as evidenced by the CCK8 assay (Figure [1](#jpi12631-fig-0001){ref-type="fig"}H). These data suggest that MT could attenuate osteogenic differentiation and senescence of VSMCs.

![Melatonin can antagonise VSMC osteogenic differentiation and senescence via an MT membrane receptor‐dependent manner. A‐C, Effects of melatonin (MT) on RUNX2 expression, ALP activity and senescence level. VSMCs were treated with 10 mM β‐glycerophosphate (β‐GP) and different concentrations of MT (10 nM, 100 nM, 1 μM, 10 μM and 100 μM) or vehicle for the control. A, The expression of RUNX2 was determined by Western blotting. B, ALP activity was measured using an ALP kit, normalised to the cellular protein content. C, SA‐β‐gal staining was performed to detect cell senescence level. Semi‐quantitative analysis of SA‐β‐gal--positive cells (left panel) and representative microphotographs (right panel) are shown. D, The protein levels of RUNX2 and p21 were determined by Western blotting in vehicle, luzindole, 10 μM MT plus luzindole or 10 μM MT‐treated VSMCs. E, ALP activity assays were measured using an ALP kit for vehicle, luzindole, 10 μM MT plus luzindole or 10 μM MT‐treated VSMCs. F, β‐GP--induced VSMCs were treated with vehicle, luzindole, 10 μM MT plus luzindole or 10 μM MT for 14 days and then subjected to Alizarin Red S staining. Calcium deposition was extracted with cetylpyridinium chloride and quantified by spectrophotometry. G, VSMCs were treated with vehicle, luzindole, 10 μM MT or 10 μM plus luzindole and then subjected to SA‐β‐gal staining. Semi‐quantitative analysis of SA‐β‐gal--positive cells was performed. Representative microscopic views are shown. Scale bar represents 200 µm. H, CCK8 assay was performed in VSMCs treated with vehicle, luzindole, 10 μM MT plus luzindole or 10 μM MT. The data represent the mean ± SD. NC, normal control. \**P* \< .05, \*\**P* \< .01](JPI-68-e12631-g001){#jpi12631-fig-0001}

We also investigated whether MT could attenuate osteogenic differentiation and senescence of VSMCs via an MT membrane receptor‐dependent manner. The expression of MTNR1A and MTNR1B, the MT membrane receptor, both expressed in VSMCs and CVSMCs as demonstrated by Figure [S1](#jpi12631-sup-0001){ref-type="supplementary-material"}A and Figure [S1](#jpi12631-sup-0001){ref-type="supplementary-material"}B. As shown in Figure [1](#jpi12631-fig-0001){ref-type="fig"}D, the effect of MT on decreasing the expression of RUNX2 and p21 of VSMCs was blocked by the presence of 10 μM luzindole, an MT membrane receptor blocker. Likewise, the inhibitory effects of MT on osteogenic differentiation and senescence of VSMCs were also attenuated by luzindole (Figure [1](#jpi12631-fig-0001){ref-type="fig"}D‐H). These results suggest that the MT membrane receptor is involved in MT attenuating VSMC osteogenic differentiation and senescence.

3.2. VSMC‐derived exosomes induced by MT inhibit VSMC calcification and senescence {#jpi12631-sec-0023}
----------------------------------------------------------------------------------

To analyse whether the exosomes secreted by VSMCs play a role in the MT‐induced attenuation effect of osteogenic differentiation and senescence of VSMCs, we isolated exosomes from VSMCs. Transmission electron microscopy and Nanosight analysis were used to characterise the VSMC‐derived nanoparticles. As shown in Figure [2](#jpi12631-fig-0002){ref-type="fig"}A, these vesicles exhibited a typical cup or sphere‐shaped morphology. Nanosight analysis showed that the size of most of VSMCs exosomes (VSMCs‐Exos) was approximately 80‐140 nm (Figure [2](#jpi12631-fig-0002){ref-type="fig"}B). Western blotting revealed that the exosome marker proteins CD63, CD81, ALIX and Synt1 were strongly enriched in VSMCs‐exos compared with the cell lysis (Figure [2](#jpi12631-fig-0002){ref-type="fig"}C). These results confirmed that these vesicles were exosomes.

![VSMC‐derived exosomes induced by MT inhibit VSMC calcification and senescence. A, Transmission electron microscopic analysis of exosomes is shown. Scale bar represents 100 nm. B, Nanoparticle tracking analysis of exosomes derived from VSMCs showed that the size of most of VSMC‐exos was approximately 80‐140 nm. C, Western blotting showed exosome‐specific proteins CD81, CD63, Synt‐1 and ALIX were abundant in exosomes compared with cell lysate. D, VSMCs incubated with PKH26 fluorescently labelled exosomes for 12 h. Confocal microscopy analyses used to identify the uptake of exosomes by VSMCs are shown (PKH26 in red, DAPI in blue). Magnification, 100×. E, The expression of RUNX2 and p21 was determined by Western blotting in VSMCs incubated with exosomes from MT‐treated VSMCs or exosomes from vehicle‐treated VSMCs. F, ALP activity was determined by an ALP kit in VSMCs incubated with exosomes from MT‐treated VSMCs or exosomes from vehicle‐treated VSMCs. G, Alizarin Red S staining and calcium content were measured in VSMCs incubated with exosomes from MT‐treated VSMCs or exosomes from vehicle‐treated VSMCs. Representative microscopic views are shown. Scale bar represents 200 µm. H, VSMCs incubated with exosomes from MT‐treated VSMCs or exosomes from vehicle‐treated VSMCs and then subjected to SA‐β‐gal staining. Semi‐quantitative analyses of SA‐β‐gal--positive cells were performed. Representative microscopic views are shown. Scale bar represents 200 µm. I, CCK8 assays were performed in VSMCs incubated with exosomes from MT‐treated VSMCs or exosomes from vehicle‐treated VSMC. Three independent experiments were performed, and representative data are shown. Data are shown as mean ± SD. \**P* \< .05, \*\**P* \< .01, compared with normal control](JPI-68-e12631-g002){#jpi12631-fig-0002}

To further investigate whether VSMCs‐exos could exhibit a paracrine effect on VSMCs, we examined whether these exosomes could be taken up by VSMCs. We labelled VSMC‐derived exosomes with PKH26 (a red fluorescent cell linker dye with a long aliphatic carbon tail) and incubated VSMCs with the labelled exosomes. Confocal microscopy analysis showed that the labelled exosomes were taken up by the VSMCs (Figure [2](#jpi12631-fig-0002){ref-type="fig"}D). To demonstrate whether MT can antagonise osteogenic differentiation and senescence of VSMCs via exosomes, we treated VSMCs or CVSMCs with exosomes isolated from VSMCs or CVSMCs incubated with MT, respectively. These exosomes significantly inhibited osteogenic differentiation, as evident by the decreased protein level of RUNX2 (Figure [2](#jpi12631-fig-0002){ref-type="fig"}E and Figure [S2](#jpi12631-sup-0001){ref-type="supplementary-material"}A), ALP activity (Figure [2](#jpi12631-fig-0002){ref-type="fig"}F and Figure [S2](#jpi12631-sup-0001){ref-type="supplementary-material"}B), Alizarin Red staining and calcium content (Figure [2](#jpi12631-fig-0002){ref-type="fig"}G and Figure [S2](#jpi12631-sup-0001){ref-type="supplementary-material"}C). Moreover, the exosomes isolated from MT‐treated VSMCs may suppress senescence of VSMCs, as demonstrated by the reduced protein level of p21 (Figure [2](#jpi12631-fig-0002){ref-type="fig"}E and Figure [S2](#jpi12631-sup-0001){ref-type="supplementary-material"}A), fewer SA‐β‐gal--positive VSMCs (Figure [2](#jpi12631-fig-0002){ref-type="fig"}H and Figure [S2](#jpi12631-sup-0001){ref-type="supplementary-material"}D) and induced proliferation of VSMCs as evident by CCK8 assay (Figure [2](#jpi12631-fig-0002){ref-type="fig"}I and Figure [S2](#jpi12631-sup-0001){ref-type="supplementary-material"}E). These data clearly indicate that the exosomes secreted by MT‐treated VSMCs or CVSMCs could antagonise the osteogenic differentiation and senescence of VSMCs or CVSMCs, respectively.

3.3. MT attenuated the calcification and senescence of VSMCs by affecting exosomes in a paracrine manner {#jpi12631-sec-0024}
--------------------------------------------------------------------------------------------------------

To further identify the role that exosomes play in the paracrine effect on the osteogenic differentiation and senescence of VSMCs, we treated VSMCs with fresh conditional medium (control), whole MT‐treated VSMCs conditional medium (MT‐VSMCs‐CM) or MT‐treated VSMCs exosome‐free conditional medium (MT‐VSMCs‐exo‐free‐CM) to analyse whether exosomes could mediate the effect of MT on VSMCs. Our results indicated that MT‐VSMCs‐CM could attenuate the osteogenic differentiation and senescence of VSMCs when compared with the control group (Figure [3](#jpi12631-fig-0003){ref-type="fig"}A‐C), which showed a similar effect of exosomes isolated from MT‐treated VSMCs. By contrast, MT‐VSMCs‐exo‐free‐CM could not decrease the osteogenic differentiation and senescence of VSMCs when compared with the control group (Figure [3](#jpi12631-fig-0003){ref-type="fig"}A‐C). To further analyse the effect of exosomes on the osteogenic differentiation and senescence of VSMCs, VSMCs were pretreated with the noncompetitive N‐SMase inhibitor GW4869, an inhibitor of exosome secretion, to block exosome secretion. The inhibition effects of MT‐VSMCs‐CM on VSMC osteogenic differentiation and senescence were abolished after treatment of GW4869 (Figure [3](#jpi12631-fig-0003){ref-type="fig"}A‐C). These data clearly indicate that the exosomes secreted from MT‐treated VSMCs could decrease VSMC osteogenic differentiation and senescence. By contrast, exosome‐depleted culture medium from MT‐treated VSMCs and VSMCs with impaired exo‐producing function had little effect on VSMC osteogenic differentiation and senescence, which suggested MT could attenuate the osteogenic differentiation and senescence of VSMCs by affecting exosomes in a paracrine manner.

![MT attenuated the calcification and senescence of VSMCs by affecting exosomes in a paracrine manner. VSMCs were treated with fresh conditional medium (control), whole MT‐treated VSMCs conditional medium (MT‐VSMCs‐CM), MT‐treated VSMCs exosome‐free conditional medium (MT‐VSMCs‐exo‐free‐CM) or MT‐treated VSMCs exosome with GW4869 conditional medium (MT‐VSMCs‐GW4869‐CM), respectively. All groups were incubated with β‐GP at the same time. A, The protein levels of RUNX2 and p21 were determined by Western blotting. B, ALP activity assays were determined with an ALP measurement kit. C, CCK8 assay was performed to detect cell proliferation. D, Schematic representation of coculture Transwell system to analyse the exosomal paracrine effects of VSMCs. VSMCs in lower chamber incubated with MT and treated with or without GW4869 were cocultured with VSMCs without treatment in the upper chamber in six‐well Transwell units. And the upper chamber VSMCs were used to determine the expression of RUXN2, p21, ALP activities and cell viability. E, Western blotting showed that RUNX2 and p21 increased in the VSMCs from the upper chamber in MT plus GW4869 group compared with MT plus vehicle. F, ALP activity assays showed that MT plus GW4869 group had higher ALP activity compared with MT plus vehicle. G, CCK8 assay showed that MT plus GW4869 treatment decreased the proliferation of senescence VSMCs compared with MT plus vehicle. Three independent experiments were performed, and representative data are shown. The data represent the mean ± SD. NC, normal control. \**P* \< .05, \*\**P* \< .01](JPI-68-e12631-g003){#jpi12631-fig-0003}

To analyse the paracrine effect of VSMCs through exosomes, we cocultured VSMCs in a Transwell system. In this system, VSMCs in the lower chamber incubated with MT and treated with or without GW4869 were cocultured with VSMCs in the upper chamber, respectively. RUNX2 expression and ALP activity were decreased in the VSMCs in the upper chamber in the MT plus vehicle‐treated group compared with the MT plus GW4869‐treated group (Figure [3](#jpi12631-fig-0003){ref-type="fig"}D‐F). Meanwhile, the expression of p21 was decreased in MT plus vehicle‐treated group compared with MT plus GW4869‐treated group (Figure [3](#jpi12631-fig-0003){ref-type="fig"}E), and the proliferation of VSMCs was increased in MT plus vehicle‐treated group compared with MT plus GW4869‐treated group as evident by CCK8 assay (Figure [3](#jpi12631-fig-0003){ref-type="fig"}G). These data confirmed that exosomes secreted by MT‐treated VSMCs could attenuate the osteogenic differentiation and senescence of VSMCs while blocking the exosome secretion attenuated the paracrine effect of MT on VSMCs.

3.4. MT induced exosomal miR‐204 and miR‐211 antagonise VSMC osteogenic differentiation and senescence {#jpi12631-sec-0025}
------------------------------------------------------------------------------------------------------

Previous studies have suggested that miRNAs play a pivotal role in vascular calcification.[4](#jpi12631-bib-0004){ref-type="ref"} We detected eight miRNAs related to calcification in exosomes secreted by VSMCs treated with or without MT by qRT‐PCR. Our results showed that the expression of miR‐204 and miR‐211, both in VSMCs and exosomes, was significantly upregulated by MT treatment compared with control (Figure [4](#jpi12631-fig-0004){ref-type="fig"}A,B). These results indicate that MT induced significant upregulation of miR‐204 and miR‐211 both in VSMCs and exosomes secreted by VSMCs.

![MT induced exosomal miR‐204 and miR‐211 antagonise VSMC osteogenic differentiation and senescence. A, qRT‐PCR analysis of eight microRNAs in exosomes derived from MT‐treated VSMCs or vehicle‐treated VSMCs. B, qRT‐PCR analysis of miR‐204 and miR‐211 expression in VSMCs treated with MT or vehicle. C, qRT‐PCR analysis of miR‐204 and miR‐211 in VSMCs after miR‐204/211 mimics or mimics control transfection. D, Confocal microscopy analysis was used to verify exosomal miR‐204 could be uptaken by VSMCs. VSMCs were cultured with PKH26‐labelled exosomes derived from VSMCs transfected FAM‐miR‐204‐mimics. The FAM‐miR‐204 signals were detected in the cytoplasm of VSMCs (Green), and FAM‐miR‐204 signals were co‐localised with PKH26 in VSMCs (PKH26 in red, DAPI in blue). Magnification, 100×. E, The expression of RUNX2 and p21 was determined with Western blotting in VSMCs treated with exosomes from miR‐204/211 overexpression VSMCs or exosomes from mimic control transfected VSMCs. F, ALP activity was determined using an ALP kit in VSMCs treated with exosomes from miR‐204/211 overexpression VSMCs or exosomes from mimic control transfected VSMCs. G, VSMCs treated with exosomes from miR‐204/211 overexpression VSMCs or exosomes from mimic control transfected VSMCs and then subjected to SA‐β‐gal staining. Semi‐quantitative analyses of SA‐β‐gal--positive cells were performed. Representative microscopic views are shown. Scale bar represents 200 µm. H, CCK8 assays were performed in VSMCs treated with exosomes from miR‐204/211 overexpression VSMCs or exosomes from mimic control transfected VSMCs. Three independent experiments were performed, and representative data are shown. NC, normal control. \**P* \< .05. \*\**P* \< .01. NC, normal control](JPI-68-e12631-g004){#jpi12631-fig-0004}

Some studies have demonstrated that miR‐204 and miR‐211 play a key role in vascular calcification.[4](#jpi12631-bib-0004){ref-type="ref"}, [35](#jpi12631-bib-0035){ref-type="ref"} We hypothesised that exosomal miR‐204 and miR‐211 participated in the process of vascular osteogenic differentiation and senescence by a paracrine mechanism. To further confirm that miR‐204 and miR‐211 antagonise VSMC osteogenic differentiation and senescence, we transfected miR‐204 and miR‐211 mimics into VSMCs. As shown in Figure [4](#jpi12631-fig-0004){ref-type="fig"}C, both miR‐204 and miR‐211 were significantly upregulated in exosomes. To verify exosomal miR‐204 and miR‐211 could be uptaken by VSMCs, we used FAM‐miR‐204 mimics as an example. VSMCs were cultured with PKH26‐labelled exosomes derived from VSMCs transfected with FAM‐miR‐204‐mimics; then, the FAM‐miR‐204 signals were detected in the cytoplasm of VSMCs (green). FAM‐miR‐204 signals were co‐localised with PKH26 in VSMCs (PKH26 in red, DAPI in blue; Figure [4](#jpi12631-fig-0004){ref-type="fig"}D), which suggested that exosomal miR‐204 could be uptaken by VSMCs. Moreover, exosomes from VSMCs transfected with miR‐204/miR‐211 mimics for 48 hours exhibited reduced RUNX2 expression (Figure [4](#jpi12631-fig-0004){ref-type="fig"}E) and ALP activity (Figure [4](#jpi12631-fig-0004){ref-type="fig"}F). Senescence of VSMCs was also decreased confirmed by reduced p21 expression (Figure [4](#jpi12631-fig-0004){ref-type="fig"}E), fewer SA‐β‐gal--positive VSMCs and induction of VSMC proliferation (Figure [4](#jpi12631-fig-0004){ref-type="fig"}G, H). Thus, we verified that MT could induce exosomal miR‐204 and miR‐211 to attenuated VSMC osteogenic differentiation and senescence via exosomes.

3.5. BMP2 is the direct target gene of miR‐204 and miR‐211 {#jpi12631-sec-0026}
----------------------------------------------------------

By binding to the 3′ UTR region of downstream target genes, miRNAs regulate their target gene expression. We used several bioinformatic target prediction algorithms to search for targets of miR‐204 and miR‐211. BMP2 was predicted to be a potential target of miR‐204 and miR‐211 (Figure [5](#jpi12631-fig-0005){ref-type="fig"}A). To clarify whether miR‐204 or miR‐211 can directly bind to the 3′ UTR of BMP2, luciferase reporter constructs containing unaltered or mutated predicted miRNA‐binding sites of BMP2 (WT‐pGL3‐BMP2 and MUT‐pGL3‐BMP2, respectively) were constructed. Table [1](#jpi12631-tbl-0001){ref-type="table"} showed the sequences of the PCR and mutagenic primers. We transfected WT‐pGL3‐BMP2 and MUT‐pGL3‐BMP2 with miR‐204 or miR‐211 mimics into VSMCs and measured the effects of miR‐204 or miR‐211 on luciferase enzyme activity. miR‐204 and miR‐211 mimics repressed the luciferase activity of the BMP2 3′‐UTR reporter gene, while MUT‐pGL3‐BMP2 abolished this inhibition (Figure [5](#jpi12631-fig-0005){ref-type="fig"}B). These data demonstrate that miR‐204 and miR‐211 directly target the 3′ UTR of BMP2. Furthermore, our results reveal that the overexpression of miR‐204 or miR‐211 in VSMCs could decrease, while inhibition of miR‐204 or miR‐211 could promote the endogenous expression of BMP2 in VSMCs (Figure [5](#jpi12631-fig-0005){ref-type="fig"}C).

![BMP2 is the direct target gene of miR‐204 and miR‐211. A, Schematic representation of miR‐204/211 putative target sites in BMP2 3′‐UTR and alignment of miR‐204/211 with WT and MUT BMP2 3′‐UTR showing pairing. B, Luciferase reporter assays were performed using luciferase constructs carrying a WT or mutant BMP2 3′‐UTR cotransfected into VSMCs with miR‐204/211 mimics compared with an empty vector control. Firefly luciferase activity was normalised to Renilla luciferase activity. C, miR‐204/211 mimics or miR‐204/211 inhibitor regulated BMP2, RUNX2 and p21 protein expression as indicated by Western blotting. D, Knock‐down of BMP2 by siRNA decreased the protein level of BMP2, RUNX2 and p21 as indicated by Western blotting. BMP2 siRNA attenuated the effect of exosomes from MT‐treated VSMCs (MT exo) on RUNX2 and p21 expression detected by Western blotting. E, ALP activity was measured with an ALP measurement kit in the VSMCs with BMP2 siRNA group, BMP2 siRNA plus exosomes from MT‐treated VSMC group (MT exo) and the siRNA group. F, CCK8 assay was measured in the VSMCs with BMP2 siRNA group, BMP2 siRNA plus exosomes from MT‐treated VSMCs (MT exo) and the siRNA group. G and H, VSMCs treat with BMP2 siRNA group, BMP2 siRNA plus exosomes from MT‐treated VSMCs (MT exo) and siRNA group then subjected to SA‐β‐gal staining. Semi‐quantitative analyses of SA‐β‐gal--positive cells were performed. Representative microscopic views are shown. Scale bar represents 200 µm. Three independent experiments were performed, and representative data are shown. The data represent the mean ± SD. NC, normal control. \**P* \< .05, \*\**P* \< .01](JPI-68-e12631-g005){#jpi12631-fig-0005}

3.6. Osteogenic differentiation and senescence of VSMCs is associated with BMP2 {#jpi12631-sec-0027}
-------------------------------------------------------------------------------

BMP2 is reported to be involved in age‐related vascular calcification. Thus, we investigated whether BMP2 is involved in osteogenic differentiation and senescence of VSMCs. Our results showed the effect of BMP2 knockdown by siRNA in VSMCs. Western blot analysis confirmed that BMP2 was significantly downregulated (Figure [5](#jpi12631-fig-0005){ref-type="fig"}D). As expected, the expression of RUNX2 and p21 was significantly downregulated following transfection with BMP2 siRNA for 48 hours (Figure [5](#jpi12631-fig-0005){ref-type="fig"}D); ALP activity was also reduced (Figure [5](#jpi12631-fig-0005){ref-type="fig"}E). Moreover, CCK8 assay analysis indicated that downregulation of BMP2 induced proliferation of VSMCs (Figure [5](#jpi12631-fig-0005){ref-type="fig"}F). SA‐β‐gal staining of VSMCs was also significantly decreased following transfection of BMP2 siRNA in VSMCs (Figure [5](#jpi12631-fig-0005){ref-type="fig"}G). We then added exosomes derived from VSMCs treated with MT to the BMP2 siRNA group. Notably, the effects of exosomes on osteogenesis and senescence of VSMCs were BMP2‐dependent, evidenced by the ability of BMP2 knockdown to attenuate the effects of exosomes from MT‐treated VSMCs on the osteogenic differentiation and senescence of VSMCs (Figure [5](#jpi12631-fig-0005){ref-type="fig"}D‐H). These results demonstrated that BMP2 is involved in the osteogenic differentiation and senescence of VSMCs, and exosomes may mediate this protective effect through the BMP2 pathway.

3.7. Exosomes mediate MT‐induced inhibition effects on vascular calcification and ageing in 5/6 NTP mouse model {#jpi12631-sec-0028}
---------------------------------------------------------------------------------------------------------------

To elucidate the effect of MT on vascular calcification in vivo, we first performed 5/6 nephrectomy in C57BL/6 mice and followed with a high‐phosphate diet (5/6 NTP) throughout the study to develop uraemia‐induced vascular calcification. Given that arterial calcification is the well‐known phenotype of arterial ageing[38](#jpi12631-bib-0038){ref-type="ref"}, [39](#jpi12631-bib-0039){ref-type="ref"}, [40](#jpi12631-bib-0040){ref-type="ref"} and that end‐stage renal failure goes along with progressive vascular ageing,[41](#jpi12631-bib-0041){ref-type="ref"}, [42](#jpi12631-bib-0042){ref-type="ref"} we also used this mouse model to study the ageing state of arteries. In 5/6 NTP‐induced mice, MT was injected via *i.p.* every day for 4 weeks with vehicle‐injected mice as the negative control group (Figure [6](#jpi12631-fig-0006){ref-type="fig"}A). To evaluate the aortic calcification, Von Kossa staining, Alizarin Red S staining, measurement of calcium content and the ALP activity, as well as detection of RUNX2 expression in the thoracic aorta tissue, were performed. Our data showed that 5/6 NTP‐induced mice had significantly higher calcium content (Figure [6](#jpi12631-fig-0006){ref-type="fig"}B) and the ALP activity (Figure [6](#jpi12631-fig-0006){ref-type="fig"}C), Von Kossa staining and Alizarin Red S staining level (Figure [6](#jpi12631-fig-0006){ref-type="fig"}D) as well as RUNX2 expression (Figure [6](#jpi12631-fig-0006){ref-type="fig"}E) compared to the sham group, suggesting the successful establishment of mouse calcification model. Meanwhile, ageing‐associated markers such as SA‐β‐gal staining level (Figure [6](#jpi12631-fig-0006){ref-type="fig"}F) and p21 expression (Figure [6](#jpi12631-fig-0006){ref-type="fig"}J) were increased in the thoracic aorta tissue of 5/6 NTP‐induced mice than these of sham control mice, indicating accelerating ageing in calcification mice. Moreover, in 5/6 NTP‐induced mice, calcium content (Figure [6](#jpi12631-fig-0006){ref-type="fig"}B), ALP activity (Figure [6](#jpi12631-fig-0006){ref-type="fig"}C), Von Kossa staining and Alizarin Red S staining level (Figure [6](#jpi12631-fig-0006){ref-type="fig"}D), as well as RUNX2 expression (Figure [6](#jpi12631-fig-0006){ref-type="fig"}E) in thoracic aorta compared with those of the vehicle control group, suggest that MT alleviates 5/6 NTP‐induced vascular calcification in vivo. However, the addition of GW4869 partially reversed the inhibition of MT on calcium content (Figure [6](#jpi12631-fig-0006){ref-type="fig"}B), ALP activity (Figure [6](#jpi12631-fig-0006){ref-type="fig"}C), Von Kossa staining and Alizarin Red S staining level (Figure [6](#jpi12631-fig-0006){ref-type="fig"}D), as well as RUNX2 expression (Figure [6](#jpi12631-fig-0006){ref-type="fig"}E), indicating that exosomes partially mediate the MT‐induced inhibition effects on vascular calcification. In consistent, ageing‐associated markers, such as SA‐β‐gal staining level (Figure [6](#jpi12631-fig-0006){ref-type="fig"}F) and p21 expression (Figure [6](#jpi12631-fig-0006){ref-type="fig"}J), were reduced in the thoracic aorta tissue in 5/6 NTP‐induced mice treated with MT compared to those in vehicle‐treated mice and these changes were partially abolished by GW4869. Taken together, these data suggest that MT attenuates vascular calcification and ageing in 5/6 NTP‐induced mice, which is partially mediated by exosomes.

![MT alleviates vascular calcification and ageing in the 5/6 NTP‐induced mouse model. A, Schematic flow diagram representing the in vivo treatment of MT with or without GW4869 in the 5/6 NTP mouse model. Sham operation mice with high‐phosphate diet were used as control (n = 5 per group). B, Calcium content of the thoracic aorta of mice was measured by o‐cresolphthalein complexone method. C, The ALP activity of thoracic aortic tissues was measured by the specific kit and normalised to total proteins contents. D, Representative microscopic pictures of Von Kossa‐stained and Alizarin Red S‐stained sections from the thoracic aorta (left panel) and quantitation of positive staining area (right panel) are shown. Scare bar 200 µm (Black). E, The expression of RUNX2 in thoracic aorta was examined by immunohistochemistry (IHC) (left panel), and quantitation of positive staining area (right panel) is shown. Scale bar 50 µm (Blue) and 500 µm (Red). F, Representative vascular SA‐β‐gal staining pictures are presented (left panel), and quantitation of positive staining area (right panel) is shown. Scale bar 50 µm (Blue). Green staining area indicates ageing tissues. G, The expression of p21 in thoracic aorta was determined by immunohistochemistry (left panel), and quantitation of positive staining area (right panel) is shown. Scare bar 50 µm (Blue) and 500 µm (Red). Results are represented by mean ± SEM with five replicates for each group. Significance was analysed by two‐way ANOVA with Tukey\'s HSD post hoc analysis. \**P* \< .05](JPI-68-e12631-g006){#jpi12631-fig-0006}

3.8. VSMCs^Mel^‐exos containing miR‐204/miR‐211 prevent vascular calcification and ageing in 5/6 NTP mouse model {#jpi12631-sec-0029}
----------------------------------------------------------------------------------------------------------------

Exosomes have been now been implicated as novel cell‐to‐cell communication method to transport bioinformation molecules such as miRNAs and proteins. Given that MT‐treated VSMC‐derived exosomes (VSMCs^MT^‐exos) and exosomal miR‐204/miR‐211 show inhibition effects on VSMC calcification and senescence in vitro, we hypothesised that VSMCs^MT^‐exos could also be incorporated by mouse aortic VSMCs and reduced vascular calcification and ageing in 5/6 NTP mouse model.

DiR‐labelled VSMC exosomes were injected into mouse tail veins to track its distribution in mice. The fluorescence was mainly distributed in the liver (Figure [7](#jpi12631-fig-0007){ref-type="fig"}A), with little but observable fluorescence in isolated thoracic aorta tissues (Figure [7](#jpi12631-fig-0007){ref-type="fig"}B). Moreover, injections of both VSMCs^MT^‐exos and VSMCs^Veh^‐exos significantly increased the exosome marker TSG101 expression in VSMCs of thoracic aorta (Figure [7](#jpi12631-fig-0007){ref-type="fig"}C), demonstrating that exogenous VSMC‐derived exosomes could be taken up by mouse thoracic aorta. Meanwhile, VSMCs^MT^‐exos increased the expression of miR‐204 and miR‐211 in thoracic aorta when compared with VSMCs^Veh^‐exos (Figure [7](#jpi12631-fig-0007){ref-type="fig"}D). Vascular calcification and ageing markers were also examined after the treatment of VSMC‐derived exosomes and flow diagram of treatment was presented in Figure [7](#jpi12631-fig-0007){ref-type="fig"}E. As shown in Figure [7](#jpi12631-fig-0007){ref-type="fig"}F,G, calcium content and the ALP activity of thoracic aorta of 5/6 NTP‐induced mice were significantly downregulated by VSMCs^MT^‐exos treatment when compared to VSMCs^Veh^‐exos treatment. Accordingly, Von Kossa staining and Alizarin Red S staining levels, as well as RUNX2 expression in thoracic aorta, were dramatically reduced after the treatment of VSMCs^MT^‐exos (Figure [7](#jpi12631-fig-0007){ref-type="fig"}H,I). Moreover, VSMCs^MT^‐exos treatment markedly decreased SA‐β‐gal staining level and p21 expression in thoracic aortic sections, when compared with those of VSMCs^Veh^‐exos‐treated mice (Figure [7](#jpi12631-fig-0007){ref-type="fig"}J,K). These results strongly demonstrate that VSMCs^MT^‐exos can be internalised into mouse VSMCs and thus alleviate vascular calcification and ageing. To further determine whether miR‐204 and miR‐211 contribute to these effects, we knocked down the expression of miR‐204 and miR‐211 in VSMCs by miR‐204 and miR‐211 inhibitor, respectively, followed by MT treatment and exosome isolation. Intriguingly, knockdown of the expression of miR‐204 or miR‐211 in VSMCs^MT^‐exos partially reversed the inhibition effects of VSMCs^MT^‐exos on calcium content, ALP activity and RUNX2 expression in thoracic aorta, as well as Von Kossa staining and Alizarin Red S staining level of thoracic aortic sections (Figure [7](#jpi12631-fig-0007){ref-type="fig"}F‐I). Meanwhile, knock‐down of miR‐204 and miR‐211 also largely abolished VSMCs^MT^‐exos‐induced inhibition effects on SA‐β‐gal staining level and p21 expression in thoracic aortic sections (Figure [7](#jpi12631-fig-0007){ref-type="fig"}J,K). Collectively, these data demonstrate that the inhibition effects of VSMCs^MT^‐exos on vascular calcification and ageing are mediated by VSMCs^MT^‐exos containing miR‐204/miR‐211.

![Exosomal miR‐204/miR‐211 contributes to the inhibition effects of VSMCs^MT^‐exos on vascular calcification and ageing in a 5/6 NTP mouse model. A, The 5/6 NTP‐induced mice were subjected to vehicle (sterile PBS), DiR or DiR‐labelled VSMC‐derived exosomes (VSMCs‐exos) intravenously (100 μg/mice, n = 5 per group). Representative in vivo images of mice (A) and ex vivo images of thoracic aorta (B, upper panel), as well as quantification of fluorescence intensities in thoracic aorta (B, lower panel), are shown after treatment for 24 h. (C and D) Exosomes from MT‐treated VSMCs (VSMCs^MT^‐exos, 100 μg/mice) or vehicle‐treated VSMCs (VSMCs^Veh^‐exos, 100 μg/mice) were injected intravenously every 3 d for 4 wk in 5/6 NTP mice (n = 5 per group). C, Representative confocal fluorescence images of exosome marker TSG101 (red fluorescence) and smooth muscle marker αSMA (green fluorescence) in thoracic aorta sections are shown. Scare bar represents 50 µm (yellow). D, Relative expression of miR‐204 and miR‐211 in the artery was detected by qRT‐PCR. E, Schematic flow diagram of injections of exosomes with or without miR‐204 and miR‐211 in 5/6 NTP‐induced mice (n = 5 per group). F, Calcium content of thoracic aorta of mice was measured by o‐cresolphthalein complexone method. G, The ALP activity of thoracic aortic tissues normalised to total proteins contents. H, Von Kossa‐stained and Alizarin Red S‐stained sections from thoracic aorta (left panel) and quantitation of positive staining area (right panel) are shown. Scare bar 200 µm (Black). I, Immunohistochemistry analysis of RUNX2 in thoracic aorta (left panel) and quantitation of positive staining area (right panel) are shown. Scare bar 50 µm (Blue) and 500 µm (Red). J, SA‐β‐gal‐stained (Green) micrographs are presented (left panel), and quantitation of positive staining area (right panel) is shown. Scare bar 50 µm (Blue). Green staining area indicates ageing tissues. K, Immunohistochemistry analysis of the expression of p21 in thoracic aorta (left panel) and quantitation of positive staining area (right panel) are shown. Scare bar 50 µm (Blue) and 500 µm (Red). Results are represented by mean ± SEM with five replicates for each group. Significance was analysed by two‐way ANOVA with Tukey\'s HSD post hoc analysis.\**P* \< .05](JPI-68-e12631-g007){#jpi12631-fig-0007}

4. DISCUSSION {#jpi12631-sec-0030}
=============

In the present study, we found that exosomes mediated MT attenuation of vascular calcification and ageing in a paracrine manner. Moreover, exosomal miR‐204/miR‐211 played an important role in this effect (Figure [8](#jpi12631-fig-0008){ref-type="fig"}). MT can antagonise VSMC osteogenic differentiation and senescence through an exosome paracrine mechanism. In addition, we clarified that exosomes could carry miR‐204/miR‐211 to attenuate VSMC osteogenic differentiation and senescence by targeting BMP2. Of note, we demonstrated that MT and VSMCs^MT^‐exos alleviate vascular calcification and ageing in a 5/6 NTP mouse model, which is partially dependent on exosomal miR‐204/miR‐211. This analysis revealed a novel finding that has shed light on the molecular mechanism underlying vascular calcification and ageing.

![The mechanism diagram about exosomes from MT‐treated VSMCs could attenuate vascular calcification and ageing in a paracrine manner through an exosomal miR‐204/miR‐211. MT can antagonise VSMC osteogenic differentiation and senescence through exosome paracrine mechanism. In addition, MT‐treated VSMCs can secrete exosomal miR‐204/miR‐211 to antagonise VSMC osteogenic differentiation and senescence as well as vascular calcification and ageing. BMP2 was revealed to be a potential target of miR‐204 and miR‐211 and increased VSMC osteogenic differentiation and senescence](JPI-68-e12631-g008){#jpi12631-fig-0008}

In recent years, MT has been demonstrated to influence the cardiovascular system.[43](#jpi12631-bib-0043){ref-type="ref"} A significant reduction in endogenous MT secretion may associate with ageing. MT can antagonise premature senescence of cardiac progenitor cells through the H19/miR‐675/USP10 signalling pathway.[18](#jpi12631-bib-0018){ref-type="ref"} Moreover, a variety of tissues express the MT membrane receptor. MT has been reported to play its biological effects in an MT receptor‐dependent or MT receptor‐independent manner.[44](#jpi12631-bib-0044){ref-type="ref"}, [45](#jpi12631-bib-0045){ref-type="ref"} The medial artery layer is mainly composed of VSMCs interspersed within elastic fibres. Calcification and ageing of the middle vascular membrane are closely related to phenotypic conversion, differentiation and apoptosis of VSMCs. In this study, we demonstrated that MT could antagonise VSMC osteogenic differentiation and senescence in an MT membrane receptor‐dependent manner. Of note, our present investigation confirms supplementation of MT alleviates vascular calcification and ageing in a 5/6 NTP‐induced mouse model. These findings provide novel evidence that MT may function as anti‐calcification and anti‐ageing protein in blood vessels.

By exchange of material such as RNAs, miRNAs, proteins and delivering information, exosomes have been viewed as important mediators of cell‐cell communication.[46](#jpi12631-bib-0046){ref-type="ref"} Recipient cells can recycle exosomes back to the extracellular milieu after being taken up by endocytosis.[47](#jpi12631-bib-0047){ref-type="ref"}, [48](#jpi12631-bib-0048){ref-type="ref"} A recent study indicated the paracrine effects of endothelial exosomes.[24](#jpi12631-bib-0024){ref-type="ref"} In this study, the exosomes were identified using morphology, size and exosomal markers. Our results showed that ALIX and Synt1 were strongly enriched in exosomes from VSMCs, which indicated that the biogenesis of exosomes is dependent on endosomal sorting complex required for transport (ESCRT). Moreover, these exosomes were taken up by VSMCs, evidenced by PKH26 labelled exosomes. We verified that exosomes isolated from MT‐treated VSMCs or CVSMCs might suppress osteogenic differentiation and senescence of these two types of VSMCs, respectively. In addition, the MT‐VSMCs‐CM group could attenuate the osteogenic differentiation and senescence of VSMCs compared with the MT‐VSMCs‐GW4869‐CM and MT‐VSMCs‐ex‐free‐CM groups. The Transwell assay showed that RUNX2 expression and ALP activity in the upper chamber VSMCs were increased in the MT plus GW4869‐treated groups compared with the MT plus vehicle group. This data indicated that MT could suppress the osteogenic differentiation and senescence of VSMCs through an exosome paracrine mechanism. Previous work has shown that ex vivo adipose tissue‐derived exosomes could be internalised into VSMCs in vivo as demonstrated by increased exosome biomarker CD63 in artery VSMCs.[49](#jpi12631-bib-0049){ref-type="ref"} Interestingly, our present showed that VSMCs^MT^‐exos were demonstrated to be internalised into mouse VSMCs in vivo. Particularly, by using a 5/6 NTP‐induced mouse calcification model, we also found that injections of exosomes derived from MT‐treated VSMCs into mice strongly reduced calcium content, ALP activity, Von Kossa staining level and RUNX2 expression in thoracic aorta compared with those of exosomes derived from vehicle‐treated VSMCs. Meanwhile, VSMCs^MT^‐exos markedly decreased p21 expression and SA‐β‐gal staining in thoracic aorta. However, inhibition of exosomes by GW4869 partially reversed MT‐induced downregulation of ageing‐associated phenotypes and calcification in the thoracic aorta of the 5/6 NTP mouse model. Therefore, exosomes mediate MT‐induced anti‐calcification and anti‐ageing functions in the aorta and could be used as an efficient cargo to transport biological information.

More recently, miR‐204 and miR‐211, which are encoded as a gene cluster, were found to target RUNX2 and important in regulating the VSMC phenotype.[4](#jpi12631-bib-0004){ref-type="ref"} It is known that these two miRs, negative regulators of osteoblast differentiation and subsequent mineralisation, functionally inhibited the differentiation of osteoprogenitors by attenuating the essential transcription factor RUNX2.[50](#jpi12631-bib-0050){ref-type="ref"} We found that MT can increase the expression level of miR‐204 and miR‐211 in VSMCs and their exosomes. To further confirm that exosomal miR‐204 and miR‐211 antagonise VSMC osteogenic differentiation and senescence, we isolated the exosomes from overexpressed miR‐204 or miR‐211 VSMCs and found these exosomes from overexpression miR‐204 or miR‐211 VSMCs suppressed the osteogenic differentiation and senescence of VSMCs. At the same time, exosomes from overexpression miR‐204 or miR‐211 VSMCs also increased the proliferation of VSMCs as shown by the CCK8 assay. We also examined the role of exosomal miR‐204 and miR‐211 in vascular calcification and ageing. Interestingly, knock‐down of miR‐204 and miR‐211 in VSMCs largely abolished VSMCs^MT^‐exos‐induced inhibition effects on calcification and ageing phenotypes in the artery of 5/6 NTP‐induced mouse model. These results were consistent with previous findings that exosomal miRNAs mediate crosstalk inter‐cells and inter‐organs.[51](#jpi12631-bib-0051){ref-type="ref"}, [52](#jpi12631-bib-0052){ref-type="ref"} These data indicate that MT induced exosomal miR‐204 and miR‐211 to antagonise vascular calcification and ageing both in vitro and in vivo.

BMP2 is a local growth factor and is the only growth factor which can induce bone formation alone. Recent findings in VSMCs have suggested that BMP2 promotes vascular calcification by inducing apoptosis.[53](#jpi12631-bib-0053){ref-type="ref"} Senescent VSMCs tend to be a phenotype predisposing vascular tissue to calcification.[54](#jpi12631-bib-0054){ref-type="ref"} Moreover, this study found that senescent VSMCs induced expression of BMP2, indicating that BMP2 is involved in the senescence of VSMCs. In the present study, we used several bioinformatic target prediction algorithms and a luciferase reporter assay to confirm that BMP2 is a target of miR‐204 and miR‐211. Western blot analysis revealed that overexpression of miR‐204 and miR‐211 reduced the expression of BMP2. The expression of BMP2 decreased significantly in miR‐204 and miR‐211 inhibitor‐transfected cells compared with control.

It has been reported that the senescent VSMCs gain an osteoblast‐like phenotype and decreased sensitivity to BMP2.[53](#jpi12631-bib-0053){ref-type="ref"} However, the molecular mechanism of BMP2 in vascular calcification and ageing has remained unclear. Therefore, we investigated the effect of BMP2 knock‐down by siRNA in VSMCs. As expected, RUNX2 expression and ALP activity were significantly downregulated following knock‐down BMP2 in VSMCs; senescence of VSMCs was decreased at the same time. Moreover, BMP2 knock‐down attenuated the effect of exosomes from MT‐treated VSMCs on VSMC osteogenic differentiation and senescence, which showed BMP2 mediated the exosome effect on osteogenic differentiation and senescence of VSMCs.

Our present study revealed that the MT‐treated VSMCs secreting exosomal miR‐204/miR‐211 played a paracrine effect in vascular calcification and ageing both in vivo and in vitro. Our results indicate that MT can potentially be used in the therapy of vascular calcification and ageing by targeting exosomal miR‐204/miR‐211. Furthermore, understanding of the intricate regulatory network of exosomal miR‐204/miR‐211 and BMP2 may allow for the development of effective therapies for the prevention of vascular calcification and ageing.

CONFLICT OF INTEREST {#jpi12631-sec-0031}
====================

The authors declare no conflict of interest.

Supporting information
======================

###### 

 

###### 

Click here for additional data file.
